Abstract Gait control depends in part on cognition. This study aims to examine the separate and combined effects of episodic memory and executive function impairments on the mean value and the coefficient of variation (CoV) of stride time among non-demented older community dwellers. Based on a cross-sectional design, 1458 older community dwellers without dementia (70.6 ± 4.9 years; 49.2 % female) were recruited and separated into cognitively healthy individuals (CHI) and individuals with cognitive impairment. A score ≤5/6 on the Short MiniMental State Examination defined episodic memory impairment. Impaired executive function was defined by errors on the clock-drawing test. Mean value and CoVof stride time were measured by the GAITRite® system. A total of 517 participants (35.5 %) had cognitive impairment in at least one cognitive domain. Participants with memory impairment (P = 0.006) and those with combined cognitive impairments (P < 0.001) had greater (i.e., worse gait performance) mean value of stride time (P = 0.006) compared to CHI. Participants with combined cognitive impairment had a greater CoV of stride time (i.e., worse gait performance) compared to CHI (P = 0.004) and to those with separate memory impairment (P = 0.037). Among participants with combined cognitive impairments, mean value and CoV of stride time had the highest effect size (respectively, effect size = 0.49 [95 % confidence interval (CI) 0.27;0.71] and effect size = 0.40 [95 %CI 0.18;0.62]). Participants with episodic memory or executive impairments had a greater mean value and CoV of stride time compared to those with no cognitive impairment. Combined episodic memory and executive impairments exceeded the sum of separate impairments on gait performances, suggesting a complex interplay going beyond a simple additive effect.
Introduction
Gait is considered as an automatic and rhythmic motor activity whose the control depends in part on cognition Scherder et al. 2007 ). In the past decade, a close relationship has been highlighted between gait control and specific cognitive domains Scherder et al. 2007; Watson et al. 2010) . In particular, episodic memory and executive performances have been separately associated with gait performances among cognitively healthy individuals (CHI) and patients with mild cognitive impairment (MCI) and with dementia Scherder et al. 2007; Watson et al. 2010; Hausdorff et al. 2005; Allali et al. 2010; Beauchet et al. 2012) .
Slower gait speed and increased gait variability represent two gait disturbances commonly associated with episodic memory and executive impairments (MonteroOdasso et al. 2012; Ble et al. 2005) . Based on a large population-based cross-sectional study and a metaanalysis (Beauchet et al. 2014a) , it has been reported that greater (i.e., worse gait performance) stride-to-stride variability of stride time (i.e., gait cycle duration)-a measure of the reliability of lower-limb movements-was the motor phenotype of cognitive impairment among older community dwellers without dementia (Beauchet et al. 2014a, b) . This study suggested a complex interplay between episodic memory and executive function (EF) impairments on gait variability going beyond a simple additive effect, as increased stride time variability was greater than the sum of the combined effects of these both separate cognitive impairments. However, to the best of our knowledge, no study has confirmed this likely effect of cumulated cognitive impairments on gait variability.
Because episodic memory and EF impairments are both common cognitive impairments in older adults with and without dementia Scherder et al. 2007; Harada et al. 2013; Lin et al. 2013) , examining the separate and the combined effects of these both cognitive impairments on gait parameters would be helpful to better understand the contribution of cognition to gait disorders in normal and pathological aging. This study aims to examine the separate and the combined effects of episodic memory and executive impairments on the mean value and the coefficient of variation (CoV) of stride time among older community dwellers without dementia.
Materials and methods

Population
A total of 1458 non-demented community dwellers using a cross-sectional design were recruited during a free medical examination in the French Health Examination Center in Lyon, France, between April 2010 and April 2012. All participants were registered on the electoral list of the city of Lyon. First, they were contacted by mail and a free medical examination was proposed. The volunteers returned a phone call to manifest their intention to perform this medical examination, and an appointment was booked in the French Health Examination Center of Lyon. At the beginning of the medical examination and based on selection criteria, a physician proposed participation in the study. Inclusion criteria were having a quantitative gait assessment with GaitRite® system; no history of dementia and no use of anti-dementia drugs; no acute medical illness during the past month; no neurological diseases including Parkinson's disease, cerebellar disease, myelopathy, peripheral neuropathy, and major orthopedic diagnoses (e.g., osteoarthritis) involving the lumber vertebra, pelvis or lower extremities; ability to walk 6 m unassisted; ability to understand and speak French; and age 65 years and over.
Clinical assessment
A comprehensive medical examination collected age, gender, height, weight, the number of drugs taken daily, and the use of psychoactive drugs including benzodiazepines, antidepressants, or neuroleptics. Depression symptoms were evaluated with the 4-item Geriatric Depression Scale (GDS) score (Shah et al. 1997) . A score ≥1 indicated the presence of depression symptoms. Body mass index (BMI, in kilogram per square meter) was calculated using anthropometry measurements (i.e., weight in kilograms and height in meters). The maximal isometric voluntary contraction (MVC) handgrip strength was measured with computerized hydraulic dynamometers (Martin Vigorimeter, Medizin Tecnik, Tutlingen, Germany) (Beauchet et al. 2011a, b) . The test was performed three times with the dominant arm. The mean value of MVC of all trials was used in the present analysis. Lower-limb proprioception was measured with a graduated tuning fork placed on the tibial tuberosity (Rossat et al. 2010) . The mean value obtained for the left and right sides was used. Distance binocular vision was measured at 5 m with a standard Monoyer letter chart (Lord et al. 1994) . Vision was assessed with corrective lenses if needed. Fear of falling was assessed using a single question: "Are you afraid of falling?" with a binary answer (i.e., yes versus no) (Ayoubi et al. 2014 ). History of falls over the past year was recorded using a standardized questionnaire based on 22 items exploring the number, delay and place of falls (i.e., inside or outside the participant's house), the evoked causes and circumstances of falls, and all physical traumatisms (Rossat et al. 2010) . A fall was defined as unintentionally coming to rest on the ground, floor, or other lower level and not as the result of a major intrinsic event or an overwhelming hazard (Beauchet et al. 2011a, b) . Thus, falls resulting from acute medical events and/or external force were excluded from the analysis.
Episodic memory was assessed using the Short form of the Mini-Mental State Examination (SMMSE) with scores ranging from 0 to 6 (i.e., best) (Haubois et al. 2013) . A SMMSE score ≤5 was used to define impairment in episodic memory. SMMSE was developed and validated for the screening of dementia. The best cutoff value between sensitivity and specificity of SMMSE score for diagnosing dementia was ≤4 (Haubois et al. 2013) . In the present study, we purposefully did the choice to change the cutoff value because we included participants without history of dementia and use of anti-dementia drugs. This a priori choice allowed selecting specifically early stages of cognitive decline, such as mild cognitive impairment and mild dementia. A total of 221 (15.2 %) participants had a SMMSE score = 5 and over, and 129 (8.8 %) had a SMMSE score = 4. EF was assessed using the clock-drawing test. EF performance is usually identified through a comprehensive neuropsychological battery. However, this kind of assessment may not be available outside specialized centers and may be time prohibitive for routine use in all patients. Considering the practical limitations of a comprehensive neuropsychological assessment, we used the clock-drawing test because this test can be routinely administered during a free medical examination in the French Health Examination Center. EF impairment was considered if any error was made in the drawing of the circle or the position of the numbers and/or the hands of the clock (Sunderland et al. 1989) .
Mean value and coefficient of variation (CoV = (standard deviation/mean) × 100) of stride time were measured at self-selected speed during steady-state walking using GAITRite® system (GAITRite Gold, CIR Systems, PA) in a 6-m corridor. We focused on these stride time parameters because both of them have been previously linked with cognition Hausdorff et al. 2005 and with gait control (Allali et al. 2010; Annweiler et al. 2013; Annweiler et al. 2014; Beauchet et al. 2014a, b) . The GAITRite® system is an electronic walkway-integrated and pressure-sensitive electronic surface of 5.6 × 0.89 m, with an active surface length of 4.8 m, connected to a personal portable computer via an interface cable. Participants walked one trial in a quiet, well-lit environment wearing their own footwear according to European guidelines for spatiotemporal gait analysis in older adults (Kressig and Beauchet 2006) . They started walking in the room of clinical examination that was continuous with the corridor, which allowed having 1 m of acceleration and deceleration phases, respectively. Before their assessment, all participants were contacted by mail and informed not to wear high-heel shoes.
Standard protocol approvals, registrations, and patient consents Participants were included after having given their written informed consent for research. The study was conducted in accordance with the ethical standards set forth in the Helsinki Declaration (1983). The study was approved by Lyon Sud-Est III local Ethical Committee, France.
Statistical analysis
The participants' characteristics were summarized using means and standard deviations or frequencies and percentages, as appropriate. Normality of data distribution was checked using a skewness-kurtosis test. As the number of observations was >40 for each group, no transformations were applied to the variables of interest. Participants were classified into four groups, as follows: CHI, individuals with separate episodic memory, individuals with separate executive function impairment, and individuals with combined episodic memory and EF impairments. First, between-group comparisons were performed using one-way analysis of variance (ANOVA) with Bonferroni corrections or chi-square test, as appropriate. Second, univariate and multiple linear regression analyses were performed to examine the association between each cognitive condition analyzed separately (i.e., CHI, episodic memory, or EF, or episodic memory plus executive impairments; independent variables) and stride time parameters (i.e., mean value and CoV) (dependent variables) adjusted on participants' characteristics (i.e., age, gender, number of drugs used per day, use of psychoactive drugs, depression symptoms, BMI, lower-limb proprioception, distance vision score, and handgrip strength). For the condition "no cognitive impairment," the reference group was the participants with at least one cognitive impairment, whereas for the "conditions with cognitive impairment," the reference group was the CHI. Third, we calculated the effect size from the mean values and standard deviations of each stride time parameter (i.e., mean value or CoV) in participants with cognitive impairments (i.e., separate episodic memory impairment, separate EF impairment, or combined episodic memory and EF impairments). An effect size calculator worksheet was used to derive effect size and standard error from mean and standard deviation and size of each group (Coe's calculator retrieved 25 March 2015 from http://www.cemcentre. org/evidence-basededucation/effect-size-calculator). Effect size is a quantitative measure of the strength of a phenomenon (a larger absolute value indicates a stronger effect). We graphed the effect size using Review Manager version 5.1, The Nordic Cochrane Centre, Copenhagen, Denmark. This approach was chosen to identify the largest differences of stride parameters associated with each cognitive status, the reference group being the participants with no cognitive impairment. P values less than 0.05 were considered statistically significant. All statistics were performed using SPSS (version 19.0; SPSS, Inc., Chicago, IL).
Results
A total of 517 (35.5 %) participants presented impairment in at least one cognitive domain: 244 (16.7 %) had only episodic memory impairment, 189 (13.0 %) had only EF impairment, and 84 (5.8 %) had combined cognitive impairments. Participants with separate EF impairment were older than CHI (P < 0.001); those with combined episodic memory and EF impairments were older than CHI (P < 0.001) and participants with separate episodic memory impairment (P = 0.022) ( Table 1) . Number of drugs daily taken and use of psychoactive drugs significantly differed among participants (P = 0.020 and P = 0.045, respectively). Prevalence of depression symptoms was different between subgroups (P < 0.001), with higher prevalence among participants with separate episodic memory impairment (P < 0.001) and separate EF impairment (P = 0.002), as well as those with combined cognitive impairments compared to CHI (P < 0.001). The BMI was significantly different across subgroups (P = 0.008) without any significant difference between specific subgroups. Participants with combined cognitive impairments had a lower handgrip strength compared to CHI (P = 0.034) and to those with separate episodic memory impairment (P = 0.009). Participants with combined cognitive impairments had also a lower lower-limb proprioception compared to CHI (P = 0.003). Participants with separate EF impairment (P = 0.001) and those with combined episodic memory and EF impairments (P < 0.001) had lower distance vision compared to CHI. In addition, those with combined cognitive impairments had lower distance vision compared to those with separate episodic memory impairment (P < 0.001). In final, the participants with memory impairment (P = 0.006) and those with combined cognitive impairments (P < 0.001) had greater (i.e., worse gait performance) mean values of stride time (P = 0.006) compared to CHI. The participants with combined cognitive impairment had a greater CoV of stride time (i.e., worse gait performance) compared to CHI (P = 0.004) and to those with separate memory impairment (P = 0.037). Table 2 presents the linear regressions investigating the association between cognitive status (i.e., no cognitive impairment, episodic memory, EF, and combination of these both cognitive functions) and both stride time parameters (i.e., mean value and CoV) adjusted on participants' characteristics. Cognitive status was significantly associated with the mean value of stride time, worse performance being associated with an increased mean value. First, CHI had a smaller value compared to individuals with at least one cognitive impairment (P < 0.020). Second, participants with cognitive impairment had a greater mean value compared to CHI, except those with EF impairment while adjusting on all participants' characteristics (P = 0.058, model 3). Cognitive status was also associated with CoV of stride time in most of the cases (P < 0.044) in the univariate (model 1) and the model adjusted on age and gender (model 2). CHI had a smaller CoV of stride time compared to individuals with at least one cognitive impairment (P < 0.044), except while adjusting on all participants' characteristics (P = 0.179, model 3). Participants with cognitive impairment had a greater CoV of stride time compared to CHI, except those with memory impairment while adjusting on age and gender (P = 0.066, model 2) and on all participants' characteristics (P = 0.207, model 3), and those with EF impairment while adjusting on all participants' characteristics . Effect sizes with combined cognitive impairments were greater than the sum of the effect size of episodic memory impairment and EF impairment considered separately.
Discussion
The findings showed that non-demented older adults with separate and combined episodic memory and EF impairments had greater (i.e., worse gait performance) mean value and CoV of stride time compared to CHI. Impairments in these both stride time parameters depended on the separate domain of the cognitive impairment and their combination. Episodic memory impairment was mainly associated with increased mean value of stride time, whereas EF impairment was mainly associated with increased CoVof stride time. The effects of the combined cognitive impairments on stride time values were greater than the sum of the separate effects of each cognitive impairment, especially for the CoV of stride time, confirming a complex interplay between episodic memory and executive impairments on gait variability going beyond a simple additive effect. Mean value and CoV of stride time have been separately associated with cognitive performances in nondemented older adults Model 1, univariate model. Model 2, adjusted for age and gender. Model 3, fully adjusted model (i.e., age, gender, number of drugs used per day, use of psychoactive drugs, depression symptoms, BMI, lower-limb proprioception, distance vision score, and handgrip strength). Separate models were used for each cognitive condition (i.e., no cognitive impairment, cognitive impairment in memory, cognitive impairment in executive functions, cognitive impairment in both memory and executive functions). Thus, for the condition "no cognitive impairment," the reference group is participants with at least one cognitive impairment, whereas for the "conditions with cognitive impairment," the reference group is the participants with no cognitive impairment. Significant P value (i.e., P < 0.05) indicated in italics CI confidence interval, β coefficient of regression beta corresponding to increase or decrease in mean value or coefficient of variation of stride time a Short mini-mental status examination and clock-drawing scores normal et al. 2012, 2014a, b) . Episodic memory and EF are two cognitive domains associated with stride time values, impaired cognitive performance being associated with greater mean value and CoV of stride time Beauchet et al. 2012 Beauchet et al. , 2014a . The reported associations here, between EF impairment and the CoV of stride time and between episodic memory impairment and the mean value of stride time, confirm the findings previously reported in healthy older adults (Beauchet et al. , 2014a , as well as in older adults with MCI and dementia Scherder et al. 2007; Allali et al. 2010; Hausdorff 2005; Sheridan et al. 2003) . In neurodegenerative disease characterized by EF impairment such as Alzheimer's disease (AD) (Sheridan et al. 2003; Allali et al. 2008) , the behavioral variant of frontotemporal dementia (Allali et al. 2010 ), Parkinson's disease , MCI (Verghese et al. 2008) or mild parkinsonian signs , the association with EF impairment was stronger for the CoV than for the mean value of stride time. Interestingly, we reported a similar pattern of results in the present sample of nondemented older adults, EF impairment being specifically associated with increased CoV of stride time. This association could be interpreted as another example of the vulnerability of the executive system during normal aging, which affects in turn gait variability (Burke and Barnes 2006) . Regarding the reported association between mean value of stride time and episodic memory, a previous report linked the rhythm component of gait with future decline in memory (Verghese et al. 2007 ). The mechanism of this association can be found in neuroimaging studies underlining the role of the hippocampus-a key brain region involved in memory processing-on gait control during normal aging (Seidler et al. 2010) . Hippocampal neurochemistry as well as hippocampal volumes or hippocampal grey matter integrity were independently associated with gait control during normal aging (Zimmerman et al. 2009; Rosso et al. 2014 ). This hippocampal involvement was also confirmed by functional MRI protocol using mental imagery of gait to assess the age-related neural correlates of gait control (Zwergal et al. 2012; Allali et al. 2014b) .
The combined effects of episodic memory and EF impairments on gait parameters exceed the expected sum of both separate effects and suggest a deleterious complex interplay going beyond a simple additive effect on gait control. Such an effect could be interpreted by the findings of functional neuroimaging studies. First, a recent study examined changes in whole-brain glucose metabolism using FDG-PET during rest and unaccustomed Fig. 1 Effect size of the association of cognitive status (i.e., episodic memory impairment, executive function impairment, and memory plus executive impairment) with stride time parameters (i.e., mean value and coefficient of variation) (n = 1458). Effect size was calculated from the mean value and standard deviation of each stride time parameter (i.e., mean value or CoV) in participants with cognitive impairments (i.e.; separate episodic memory impairment, separate executive function impairment, or combined episodic memory and executive function impairments). An effect size calculator worksheet was used to derive effect size and standard error from mean and standard deviation and size of each group (Coe's Calculator retrieved 25 March 2015 from http:// www.cemcentre.org/evidence-basededucation/effect-sizecalculator). MI episodic memory impairment (i.e., short minimental status examination score <6/6), EFI executive function impairment (i.e., abnormal clock-drawing test abnormal considered if any error was made in the drawing of the circle or the position of the numbers and/or the hands of the clock), CoV coefficient of variation. The red square area is proportional to the number of individuals of each group, and horizontal lines correspond to the 95 % confidence interval. The vertical line corresponds to no difference compared to individuals with no cognitive impairment. Worse performance corresponds to an increase in value of stride parameters compared to individuals with no cognitive impairment treadmill walking in healthy older adults, classified as either low or high step-length variability walkers (Shimada et al. 2013 ). This study showed that individuals with high step-length variability showed relative deactivations in the supplementary motor areas and dorsolateral prefrontal cortex compared to rest and that individuals with low step-length variability exhibited greater relative activations in the primary motor area during treadmill walking compared to the high step-length variability group. In addition, the high step-length variability group showed greater relative deactivations in the temporal lobe, especially in the hippocampus, during treadmill walking compared with the low step-length variability group. Second, mental imagery of gait was used to assess the neural correlates of gait control in healthy older adults (Zwergal et al. 2012; Allali et al. 2014b ). Compared to younger adults, older adults activates more diffused brain networks involving cortical regions (prefrontal cortex, hippocampus) as well as subcortical structures (brainstem and cerebellum) in order to perform the same walking task than the young adults. So, when non-demented older adults present deficits in different cognitive domains (e.g., executive functions and memory) resulting from a dysfunction of a proportional numbers of networks in relationship with the affected domain, the consequence of these multiple cognitive deficits on gait control may exceed the simple sum of each separate deficit and induces a complex interplay going beyond a simple additive effect. A direct consequence of this effect can be observed in clinical practice in older adults with AD: at disease onset, subtle gait disorders can be identified only with instrumented devices, whereas during the evolution of the disease, gait disorders will become more obvious for the clinician eyes . Another clinical example of this effect is illustrated by patients with Parkinson's disease and freezing of gait: previous reports suggest that this specific phenotype of Parkinson's disease presents a more severe cognitive and motor impairment than suspected in Parkinson's disease in general at the same stage of the disease (Ricciardi et al. 2014) . Thus, this effect of different cognitive impairments on gait underlies the complexity of the gait control and contributes to explain the devastating consequences of advanced neurodegenerative disease on gait.
Testing the complex interplay of subdomains of cognitive impairments on gait control on such a large cohort of older adults without dementia constitutes the main strength of this study. However, the use of an instrumented walkway represents a limitation and prevents the translation of these findings into clinical practice. The unavailability of a detailed neuropsychological assessment, including domain-specific cognitive tests other than memory or EF, constitutes another limitation. A further study needs to examine in detail the association between cognitive domains and stride time, including a comprehensive neuropsychological battery. Finally, the cross-sectional design of this study prevents any causal inferences.
Conclusions
Separate episodic memory and EF impairments were associated with greater (i.e., worse gait performance) mean value and CoV of stride time. Combined episodic memory and EF impairments exceeded the sum of the effects of separate cognitive impairments on gait parameters and confirms a complex interplay going beyond a simple additive effect. These findings underscore that clinicians should be more attentive to gait disorders in non-demented older adults with impairments affecting multiple cognitive domains that could reflect an early sign of neurodegenerative diseases like AD.
